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Abstract
Herpesvirus genomes are often characterized by the presence of direct and inverted repeats that delineate their grouping into six structural
classes. Class D genomes consist of a long (L) segment and a short (S) segment. The latter is flanked by large inverted repeats. DNA
replication produces concatemers of head-to-tail linked genomes that are cleaved into unit genomes during the process of packaging DNA
into capsids. Packaged class D genomes are an equimolar mixture of two isomers in which S is in either of two orientations, presumably
a consequence of homologous recombination between the inverted repeats. The L segment remains predominantly fixed in a prototype (P)
orientation; however, low levels of genomes having inverted L (IL) segments have been reported for some class D herpesviruses. Inefficient
formation of class D IL genomes has been attributed to infrequent L segment inversion, but recent detection of frequent inverted L segments
in equine herpesvirus 1 concatemers [Virology 229 (1997) 415–420] suggests that the defect may be at the level of cleavage and packaging
rather than inversion. In this study, the structures of virion and concatemeric DNA of another class D herpesvirus, bovine herpesvirus 1,
were determined. Virion DNA contained low levels of IL genomes, whereas concatemeric DNA contained significant amounts of L segments
in both P and IL orientations. However, concatemeric termini exhibited a preponderance of L termini derived from P isomers which was
comparable to the preponderance of P genomes found in virion DNA. Thus, the defect in formation of IL genomes appears to lie at the level
of concatemer cleavage. These results have important implications for the mechanisms by which herpesvirus DNA cleavage and packaging
occur.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Herpesvirus genomes are large, linear, double-stranded
DNA. The DNA replication process of herpesviruses takes
place in the nucleus where the genomes circularize (Garber
et al., 1993; McVoy and Adler, 1994) and are replicated by
a poorly understood mechanism resulting in formation of
concatemeric molecules in which the termini of the viral
genomes are fused in a head-to-tail arrangement (Roizman
and Knipe, 2001). Concatemers are cleaved at specific sites
to form unit-length molecules that are packaged into newly
formed capsids (Deiss et al., 1986). The presence of in-
verted and directly repeated sequences in herpesvirus ge-
nomes has led to the definition of six different genome
classes, designated by the letters A to F (Roizman and
Pellett, 2001). Class E genome herpesviruses include herpes
simplex virus 1 (HSV-1) and human cytomegalovirus
(HCMV), whereas class D genome herpesviruses include
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varicella-zoster virus (VZV), pseudorabies virus (PRV),
equine herpesvirus 1 (EHV-1), and bovine herpesvirus 1
(BoHV-1). Genomes in class D and E are composed of two
unique DNA segments called unique long (L) and unique
short (S). In class E genomes, both L and S segments are
flanked by large inverted repeated sequences, whereas in
class D genomes, only the S segment is flanked by such
repeats. Replication of class E viruses generates equimolar
amounts of four isomers due to inversion of the L and S
segments (Hayward et al., 1975; Roizman and Pellett,
2001). In contrast, in class D viruses, the L segment is
predominantly fixed in only one orientation, called the pro-
totype orientation (P), so that two isomers are detected in
equimolar amounts in virion DNA due to the inversion of
the S segment (Roizman and Pellett, 2001).
Some class D genome herpesviruses such as VZV (Davi-
son, 1984; Kinchington et al., 1985) and PRV (DeMarchi et
al., 1990) form low levels of genomes having the L segment
in an inverted orientation (IL genomes) in virion DNA. In
contrast, despite having a similar class D genome structure,
several studies have failed to detect IL genomes for EHV-1
(Chowdhury et al., 1990; Yalamanchili and O’Callaghan,
1990; Slobedman and Simmons, 1997). In VZV, L segment
was shown to be bracketed by perfect 88-bp inverted repeats
(Davison, 1984) and patchy inverted homology was also
observed at the L segment ends of PRV (DeMarchi et al.,
1990). These observations led to the hypothesis that these
short inverted sequences could mediate low levels of L
segment inversion by homologous recombination which
could account for the observation of low levels of IL ge-
nomes in VZV and PRV virion DNA (Davison, 1984; De-
Marchi et al., 1990). More recent observations tend to dis-
count this hypothesis. First, a PRV viral mutant in which
one of these short inverted sequences was deleted was still
able to generate low levels of IL genomes (Rall et al., 1991).
Second, although the EHV-1 L segment was demonstrated
to be bracketed by a 33-bp perfect inverted repeated se-
quence (Chowdhury et al., 1990), no IL genomes were
detected in EHV-1 virion DNA (Chowdhury et al., 1990;
Yalamanchili and O’Callaghan, 1990; Slobedman and Sim-
mons, 1997). Third, it was shown that during EHV-1 DNA
replication the four possible configurations of adjacent L
segments are generated within concatemeric DNA, whereas
EHV-1 virion DNA contains exclusively P genomes
(Slobedman and Simmons, 1997). Thus, the inefficient for-
mation of IL genomes is more likely attributable to ineffi-
cient cleavage and/or packaging of IL genomes from con-
catemers. The mechanisms governing the selectivity of
class D genome cleavage and packaging remain to be elu-
cidated.
BoHV-1 has a class D genome structure that is subdi-
vided into a 103-kb L segment and a 32-kb S segment
comprising a 10-kb unique region flanked by 11-kb internal
and terminal inverted repeats (IR and TR). The S segment
inverts relative to the L segment so that equimolar amounts
of two isomers are detected within virion DNA (Mayfield et
al., 1983). Contradictory results have been reported with
regard to the presence of low levels of IL genomes in
BoHV-1 virion DNA. An initial study failed to detect IL
genomes in BoHV-1 virion DNA (Hammerschmidt et al.,
1988), whereas more recent studies detected low levels of IL
genomes in virion DNA of three different BoHV-1 strains
(S. Walser, personal communication).
This study was undertaken to determine the structure of
BoHV-1 virion DNA with the aim of resolving the issue of
L segment inversion. Additionally, the structure of BoHV-1
concatemeric DNA was investigated to determine the extent
to which L segment inversion occurs within concatemeric
DNA and to elucidate the mechanisms underlying the ex-
clusion of IL isomers from virions.
Results
Low levels of L segment inversion are present in BoHV-1
virion DNA
Based on the published BoHV-1 sequence (Accession
No. AJ004801), three endonucleases were identified which
are predicted to cut the genome only once. Two were pre-
dicted to cleave the genome within the L segment (PacI and
PmeI), whereas one was predicted to cleave the genome
within the S segment (AclI) (Fig. 1A). The first step of this
work was to verify that these three endonucleases cut only
once within the genomes of the BoHV-1 strains used in this
study [strain Cooper, subtype 1 (BoHV-1.1), and strain ST,
subtype 2 (BoHV-1.2)]. The BoHV-1 sequence predicted
fragment sizes of 10 and 125 kb following PacI digestion,
30 and 105 kb following PmeI digestion, 10-, 18-, and 107-kb
following PacI/AclI double digestion, and 18-, 30-, and 87-kb
following PmeI/AclI double digestion (Fig. 1A). Pulse-field
gel electrophoresis (PFGE) was performed to separate
virion DNA fragments resulting from either digestion with
PacI and PmeI or double digestion with PacI/AclI or PmeI/
AclI. The resulting fragments (Fig. 1B) were in precise
agreement with the fragment sizes predicted from the se-
quence (Fig. 1A), clearly confirming that the recognition
sites for these three endonucleases exist only once in the
genomes of the BoHV-1 strains used in this study and lie in
the locations predicted by the published genomic sequence.
Additional faint fragments were also observed that were
not predicted: a 92-kb PacI fragment, 72- and 63-kb PmeI
fragments, 92- and 25-kb PacI/AclI fragments, and 45- and
72-kb PmeI/AclI fragments (Fig. 1B). These fragments are
consistent with the presence of low levels of IL genomes
within the virion DNA, as depicted in Fig. 1A. While the
above experiments were conducted using BoHV-1.2, iden-
tical results were obtained from similar digestions per-
formed on BoHV-1.1 virion DNA (data not shown).
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Kinetics of BoHV-1 DNA replication
To determine the kinetics of formation of BoHV-1 rep-
licative DNA forms, agarose plugs containing infected cells
were prepared at different times postinfection (p.i.). The
DNA forms were separated by PFGE and hybridized to a
mixture of probes derived from plasmids pgD and pgE
located within the unique region of the S segment (data not
shown). A species migrating at approximately 135-kb was
detected from 18 h p.i., demonstrating an increase in newly
formed unit-length genomic DNA as virus replicates. A
second form of DNA, also detected from 18 h p.i. and
increasing in intensity during replication, failed to migrate
from the wells. This DNA corresponds to high molecular
weight intermediates of replication which failed to migrate
into PFGE gels as previously shown for several other her-
pesviruses (Bataille and Epstein, 1994; McVoy and Adler,
1994; Severini et al., 1994, 1996; Zhang et al., 1994; Mar-
tinez et al., 1996; Slobedman and Simmons, 1997), allowing
separation between unit-length genomes and high molecular
weight intermediates of replication. These two forms of
DNA reached the highest intensity levels 30 h p.i. (data not
shown). Based on these results it was decided to work with
infected cells treated 30 h p.i. to determine the structure of
BoHV-1 concatemeric DNA.
L segment inversion within BoHV-1 concatemeric DNA
Inversion of L segments within concatemeric DNA has
been reported for HSV-1, HCMV, and EHV-1 (Bataille and
Epstein, 1994; McVoy and Adler, 1994; Severini et al.,
1994; Zhang et al., 1994; Slobedman and Simmons, 1997).
A high prevalence of IL genomes in concatemeric DNA
from viruses with class E genomes (HSV-1 and HCMV)
was not surprising since IL genomes are frequent within
virion DNA, but for EHV-1, which has a class D genome,
IL genomes were not detectable within virion DNA despite
the presence of IL genomes within concatemeric DNA
(Slobedman and Simmons, 1997). The frequency of IL vs P
genomes within EHV-1 concatemers was not determined,
nor have other viruses with class D genomes been exam-
ined. As illustrated in Figs. 2A and C, there are four possible
Fig. 1. Unique restriction sites in the BoHV-1 genome. (A) Restriction maps of the BoHV-1 genome with the L segment of the genome in either P or IL
orientation. Horizontal arrows indicate orientations of L segments and boxes represent both internal (IR) and terminal (TR) inverted repeats. Triangles
represent the locations of predicted unique restriction enzyme sites based on the published genomic sequence (Accession No. AJ004801). Boxes indicate the
locations of sequences contained within hybridization probes pLT (hatched), pSD72 (gray), and pOM3AS (black). Below each map are illustrated the
expected fragments generated by single digestions with either PacI or PmeI or double digestions with PacI/AclI or PmeI/AclI. The predicted fragment sizes
are given in kb. (B) Virion DNA from BoHV-1.2 strain ST was digested with the indicated enzymes alone or in combination. DNA fragments were separated
by PFGE and the gel was stained using ethidium bromide. ND, nondigested DNA. The sizes (kb) and locations of molecular weight markers are indicated
on the left and the estimated sizes of specific restriction fragments from the IL genome arrangement are indicated on the right.
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arrangements of L segments within adjacent genomes in
BoHV-1 concatemeric DNA. The two arrangements in
which the L segments lie in inverted orientation are pre-
dicted to result in 90- and 180-kb PmeI fragments (Fig. 2A)
or 52- and 217-kb PacI fragments (Fig. 2C), whereas the
two arrangements in which the L segments lie in direct
orientation are both predicted to result in 135-kb PmeI (Fig.
2A) or PacI (Fig. 2C) fragments. To determine if L segment
inversion occurs within BoHV-1 concatemeric DNA, aga-
rose plugs containing total infected-cell DNA were sub-
jected to PFGE to remove unit-length linear genomes.
These samples were then either mock-digested or digested
with PmeI or PacI, separated by PFGE, and hybridized
using pOM3AS or pLT as probes. That only one PFGE
separation was sufficient to fully remove unit-length ge-
nomes was confirmed by the lack of detectable 135-kb DNA
in lanes containing mock-digested plugs (lanes 3, Figs. 2B
and D). To ensure reproducibility of these results, this
Fig. 2. The structure of BoHV-1 concatemeric DNA. (A and C) The four possible genomic orientations of adjacent L segments within BoHV-1 concatemeric
DNA are illustrated. Sizes of the expected PmeI (A) or PacI (C) digested fragments are shown below each map. Horizontal arrows indicate L segment
orientation. Triangles indicate PmeI (A) or PacI (C) cleavage sites. Boxes represent the locations of sequences contained within hybridization probes pLT
(hatched) and pOM3AS (black). (B and D) Cells were infected with either BoHV-1.1 or BoHV-1.2. Plugs were prepared 30 h p.i. and either digested directly
with PmeI (B, lanes 1) or PacI (D, lanes 1) or subjected to PFGE to produce concatemeric DNA free of unit-length genomes. Plugs that migrated once were
then either digested with PmeI (B, lanes 2) or PacI (D, lanes 2) or mock-digested (B and D, lanes 3). Samples were separated by PFGE, transferred to a nylon
membrane, and hybridized with probe pOM3AS. After exposure, the probe was removed and the membrane was rehybridized with probe pLT. The sizes (kb)
and locations of molecular weight markers are indicated on the left and the estimated sizes of specific restriction fragments are indicated between the panels.
Arrows indicate the presence of faint specific restriction fragments.
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experiment was performed a total of three times using PmeI.
All the results were similar.
As has been previously reported (Bataille and Epstein,
1994; Severini et al., 1994; Zhang et al., 1994; Martinez et
al., 1996), complete digestion of concatemeric DNA with
restriction enzymes that cut once per genome fails to render
a large proportion of replicative intermediate DNA compe-
tent to migrate after PFGE and this has been taken to
indicate the presence of frequent branches (McVoy and
Adler, 1994; Martinez et al., 1996; Severini et al., 1996;
Bataille and Epstein, 1997) within replicative DNA. In
agreement with these studies, a signal that failed to migrate
from the wells was clearly detected after PmeI or PacI
digestion of either total cell DNA or concatemeric DNA
(lanes 1 and 2, Figs. 2B and D).
After hybridization with the pOM3AS probe, PmeI di-
gestion generated three fragments of 90-, 135-, and 180-kb
(lanes 2, Fig. 2B), while PacI digestion generated three
fragments of 52-, 135-, and 217-kb (lane 2, Fig. 2D). Fur-
thermore, the pLT probe hybridized to the 90- and 135-kb
PmeI fragments and to the 52- and 135-kb PacI fragments.
Hybridization of pLT to the 180-kb PmeI and 217-kb PacI
fragments was not predicted, yet faint signals were observed
(lanes 1 and 2, Figs. 2B and D). These signals were not
observed in subsequent experiments (e.g., see Fig. 3) in
which pLT was used as the initial probe. Therefore, we
attribute these faint signals to a failure to fully remove the
pOM3AS probe prior to pLT hybridization despite several
extensive washes. This failure is most probably the conse-
quence of GC richness of this probe (82%). Detection of the
90- and 180-kb PmeI fragments and the 52- and 217-kb
PacI fragments clearly demonstrated that inversion of L
segments occur within concatemeric BoHV-1 DNA.
To determine the frequency of IL vs P genomes within
concatemeric DNA of class D genomes, we compared the
relative intensities of the fragments derived from the differ-
ent arrangements depicted in Figs. 2A and C. The relative
intensities of the 90-, 135-, and 180-kb PmeI fragments
were approximately 1:2:1 when hybridized with pOM3AS,
suggesting an equimolar presence of the four arrangements.
When hybridized with pLT, the relative intensities of the
90- and 135-kb fragments were approximately 1:1, which is
also consistent with equimolar ratios, since the 90-kb frag-
ment contains two copies of the pLT probe sequences and
the 135-kb fragment can result from two distinct arrange-
ments (Fig. 2A). The relative intensities of the 52-and
135-kb PacI fragments were also consistent with an
equimolar ratio; however, the 217-kb PacI fragment ap-
peared to be underrepresented. Large fragments may be
underrepresented because they have a greater probability of
containing branches, and branches are believed to render
restriction fragments unable to migrate (McVoy and Adler,
1994; Martinez et al., 1996; Severini et al., 1996; Bataille
and Epstein, 1997; Slobedman et al., 1999). However, based
on the relative intensities of the smaller fragments (52-, 90-,
and 135-kb) substantial amounts of the four possible ar-
Fig. 3. L-terminal fragments at the ends of BoHV-1 concatemeric DNA. (A) The two possible L-terminal fragments (P and IL) at BoHV-1 concatemeric DNA
ends are illustrated. Sizes of the expected PmeI or PacI-digested fragments are shown below each map. Horizontal arrows indicate L segment orientation.
Triangles indicate PmeI or PacI cleavage sites. Boxes represent the locations of sequences contained within hybridization probes pLT (hatched) and pSD72
(gray). (B) Agarose plugs were prepared 30 h p.i. from cells infected with BoHV-1.2 and subjected to PFGE to produce concatemeric DNA free of unit-length
genomes. These samples were then mock-digested (ND) or digested with PmeI or PacI. Fragments were separated by PFGE, transferred to a nylon membrane,
and hybridized with probe pLT. After exposure, the probe was removed and the membrane was rehybridized with probe pSD72. The sizes (kb) of specific
restriction fragments are indicated on the left (PmeI) or the right (PacI) of each panel.
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rangements of adjacent L segments are present in BoHV-1
concatemeric DNA. Therefore, high levels of IL isomers are
formed during BoHV-1 concatemer synthesis.
BoHV-1 concatemeric DNA is predominantly flanked by
L-terminal fragments but also contains low levels
of S-terminal fragments
The cleavage process generates terminal fragments on
concatemeric DNA, and for several other herpesviruses, a
predominance of one genomic terminal fragment over the
other has been reported on concatemeric DNA (McVoy and
Adler, 1994; Severini et al., 1994; Zhang et al., 1994;
Martinez et al., 1996; Slobedman and Simmons, 1997; Mc-
Voy et al., 2000). The analyses shown in Figs. 2B and D
revealed fragments, suggesting the presence of terminal
fragments at the ends of BoHV-1 concatemeric DNA. Most
prominent was a 30-kb PmeI fragment (lanes 2, Fig. 2B)
presumed to be the L-terminal fragment from the P genome
arrangement (Fig. 1A). This is further confirmed by the
observation that, as predicted (Fig. 1A), these fragments
hybridized strongly to the pLT but not to the pOM3AS
probe (lanes 2, Fig. 2B), yet faint signals were observed
with the latter probe. We attribute these faint signals to a
nonspecific hybridization of the pOM3AS to the 30-kb
fragment due to its high GC content, as described above.
The corresponding 10-kb P L-terminal fragment was not
detected after pLT hybridization because it migrated off the
gel; however, this fragment was clearly visible in the ex-
periment shown in Fig. 3 (below). Faint 72-kb PmeI and
92-kb PacI fragments, presumably the L-terminal fragment
from the IL genome arrangement (Fig. 1A), were also de-
tected by hybridization with pOM3AS (indicated by arrows
on Figs. 2B and D).
Additionally, the pOM3AS probe revealed the presence
of the 105-kb PmeI and 125-kb PacI S-terminal fragments,
whereas the pLT probe revealed the presence of the 63-kb
PmeI and 43-kb PacI S-terminal fragments. Because the
30- and 63-kb PmeI fragments contain the same pLT se-
quences (Fig. 1A), hybridization with pLT allowed a com-
parison between relative amounts of the 30- and 63-kb PmeI
L- and S-terminal fragments that were present on concate-
meric DNA. The results indicated that the 63-kb PmeI
S-terminal fragment was substantially less abundant than
the 30-kb PmeI L-terminal fragment (lanes 2, Fig. 2B).
Moreover, because the signal intensities from the 135-kb
PmeI fragments are similar when hybridized with the two
different probes, and because the 105- and 135-kb PmeI
fragments contain the same pOM3AS sequences and the 30-
and 135-kb PmeI fragments contain the same pLT se-
quences, the ratio of the signal intensity from the pLT-
hybridized 30-kb PmeI fragment to that of the pOM3AS-
hybridized 105–kb PmeI fragment should approximately
reflect their molar ratio. By this analysis, the amount of
105-kb S-terminal PmeI fragments was dramatically less
than the amount of 30-kb L-terminal PmeI fragments
present at the end of concatemeric DNA. Therefore,
BoHV-1 concatemeric ends consist predominantly of L-
terminal fragments, although low levels of S-terminal frag-
ments are also present.
Relative amounts of both types of L-terminal fragments
(P vs IL) at the ends of BoHV-1 concatemeric DNA
In a previous report investigating EHV-1 concatemeric
DNA structure (Slobedmann and Simmons, 1997), both
types of L-terminal fragments (P and IL) were detected in
large amounts at the ends of EHV-1 concatemeric DNA. We
also observed both types of L-terminal fragments at the ends
of BoHV-1 concatemeric DNA (Figs. 2B and D); however,
because only a portion of the pOM3AS probe hybridized to
the IL L-terminal fragments, assessment of their relative
predominance was precluded. To investigate this issue,
PmeI or PacI-restricted concatemeric DNAs were hybrid-
ized using pLT or pSD72 as probes (Fig. 3). The pLT probe
detected the 30-kb PmeI and 10-kb PacI P L-terminal frag-
ments, while pSD72 failed to detect these fragments but
detected faint amounts of the 72-kb PmeI and 92-kb PacI IL
L-terminal fragments (faintly visible on the original film),
precisely as predicted in Fig. 3A. We reasoned that the ratio
of the signal intensities from the pLT-hybridized P L-ter-
minal fragments to that of the pSD72-hybridized IL L-
terminal fragments should approximate their molar ratio
because (1) the signal intensities of the 135-kb fragments
were similar for the two probes; (2) the P L-terminal and
135-kb fragments contain the same pLT sequences; and (3)
the IL L-terminal and 135-kb fragments contain the same
pSD72 sequences (Fig. 3A). By this analysis, IL L-terminal
fragments were dramatically less abundant than P L-termi-
nal fragments since large amounts of the 30-kb PmeI and
10-kb PacI P L-terminal fragments were detected, while
only traces of the 72-kb PmeI and 92-kb PacI IL L-terminal
fragments were observed. An unexpected fragment migrat-
ing below the 72-kb fragment was also observed after both
pLT hybridization (very faint) and pSD72 hybridization.
Because this band hybridized to both probes, appeared in
both cases to slant at an angle, and was not observed in other
equivalent experiments (see for example, Fig. 2B, lane 2,
pLT hybridization), we presume this apparent fragment to
be a gel artifact.
Discussion
In an earlier work, it was shown that during EHV-1 DNA
replication, the four possible configurations of adjacent L
segments are generated within concatemeric DNA (Slobed-
man and Simmons, 1997). Since the present study now
confirms this observation for a second class D virus,
BoHV-1, L segment inversion seems to be a common fea-
ture of concatemeric DNA of class D genome herpesviruses.
Our studies, however, demonstrate that the four configura-
tions are generated in substantial amounts and this result
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suggests that DNA replication of all class D genome her-
pesviruses may produce concatemers that contain high lev-
els of IL genomes.
Given that inversion is now known to occur within con-
catemeric DNA of several herpesviruses (Bataille and Ep-
stein, 1994, 1997; McVoy and Adler, 1994; Severini et al.,
1994; Zhang et al., 1994; Martinez et al., 1996; Slobedman
and Simmons, 1997; Slobedman et al., 1999) and can be
mediated by virtually any large set of inverted repeats (We-
ber et al., 1988; Martin and Weber, 1996; McVoy and
Ramnarain, 2000), it is not surprising that L segment inver-
sion occurs in concatemeric DNA from viruses with class D
genomes. Inversion of S segments would generate inverted
S segments flanking L segments within concatemeric DNA,
and such large repeats (the inverted S segments) would be
sufficient to drive frequent inversion of the intervening L
segments; indeed, by this reasoning L segment inversion
within concatemeric DNA of class D genome viruses may
well be obligatory.
What is surprising about our observations for BoHV-1
and very similar observations by Slobedman and Simmons
(1997) for EHV-1 is that IL genomes that are frequent
within concatemers are rarely packaged into virions. This
suggests a disadvantage for IL genomes at the level of either
cleavage, packaging, or both. However, because L termini
of IL genomes were detected in large quantities on EHV-1
concatemeric DNA (Slobedman and Simmons, 1997),
cleavage to form IL L termini did not appear to be impaired.
These results suggested that the lack of IL genomes in
EHV-1 virion DNA is due to a failure to initiate DNA
packaging from IL L termini, presumably because they lack
sequences necessary for initiation of concatemer packaging.
In contrast, we observed low levels of IL L termini (relative
to P L termini) on the ends of BoHV-1 concatemeric DNA
comparable to the low levels of IL genomes detected within
virions. Thus, failure of IL genomes to mature into virions
appears to stem from inefficient formation, via the cleavage
process, of IL L termini on concatemers. Once formed, IL L
termini appear to initiate packaging of IL genomes with
normal efficiency. Such observations suggest that cleavage
and packaging are, to some degree, separate events gov-
erned by distinct elements.
Two herpesvirus-conserved cis-acting sequences, pac1
and pac2, lie near opposite ends of herpesvirus genomes and
have been demonstrated to be necessary for the combined
process of cleavage and packaging (Davison, 1984; Tama-
shiro et al., 1984; Varmuza and Smiley, 1985; Deiss and
Frenkel, 1986; Deiss et al., 1986; Hammerschmidt et al.,
1988; Nasseri and Mocarski, 1988; Chowdhury et al., 1990;
Zimmermann and Hammerschmidt, 1995; McVoy et al.,
1997, 1998; Deng and Dewhurst, 1998; Broll et al., 1999).
Herpesvirus pac2 elements typically consist of an A-rich
region 30- to 35-bp from the terminus and a CGCGGCG
motif (in some but not all herpesviruses) distal to the A-rich
region (relative to the terminus). In class D genome herpes-
viruses, pac2 elements are generally located only at L ter-
mini in the P orientation (Fig. 4), whereas pac1 elements are
duplicated within the inverted repeats (IR and TR) both at S
termini and at L–IR junctions (Davison, 1984; Hammer-
schmidt et al., 1988; Chowdhury et al., 1990; DeMarchi et
al., 1990).
A model has been proposed in which pac2 elements at
concatemer ends impart a directionality to concatemer pack-
aging by binding proteins that initiate insertion of concate-
mer ends into empty capsids (McVoy et al., 2000). This
model arose from cumulative observations that the ends on
herpesvirus DNA replicative concatemers contain pac2 el-
ements (McVoy et al., 2000). Consistent with these obser-
vations, we also observed a preponderance of P L termini,
which contain the BoHV-1 pac2, at the ends of BoHV-1
concatemeric DNA. Thus, these results further support the
pac2-directed packaging-initiation model. However, given
that varying amounts of P L-terminal sequences are reca-
pitulated at IL L termini and that IL L concatemer termini
and packaged IL genomes are formed with varying efficien-
cies among class D genome herpesviruses, we envisioned
that IL cleavage and/or packaging efficiency might correlate
with the presence or absence of certain cis sequences. One
notable observation is that CGCGGCG motifs are common
to the IL L termini of the three viruses that package IL
genomes at low frequency (BoHV-1, VZV, and PRV) but
lacking from the one virus that fails to package IL genomes,
EHV-1 (Fig. 4). Furthermore, whereas EHV-1 cleaves con-
catemer DNA to form frequent IL L termini (Slobedman and
Simmons, 1997), we observed only rare IL L termini on
BoHV-1 concatemers. This effect may be attributable to the
complete lack of any A-rich sequences near the IL L termini
of BoHV-1, whereas in EHV-1, an A/T-containing region
lies precisely the same distance from the terminus as the
EHV-1 pac2 A-rich region (Fig. 4). Studies of guinea pig
cytomegalovirus suggest that A/T-containing sequences that
lack obvious pac2 characteristics (similar to those at EHV-1
IL L termini) can nonetheless function as pac2 elements
(McVoy et al., 1997). In addition, mutational studies in
murine cytomegalovirus have shown that both the CGCG-
GCG and the A-rich pac2 motifs are important for cleavage/
packaging efficiency, and the fact that mutations in the
A-rich region had a more profound effect were taken to
suggest that the two elements may serve different functions
(McVoy et al., 1998). Our analysis of IL genome cleavage
and packaging further suggest that A-rich motifs may be
involved in cleavage, while CGCGGCG motifs may be
involved in initiation of packaging.
Additional investigations will be needed to confirm this
hypothesis. For example, it will be interesting to determine
if VZV and PRV form frequent IL L termini on concatemer
ends, as both contain strong A-rich elements. However,
other sequences are also likely to be important for either
cleavage or packaging. Perhaps the most compelling evi-
dence for this is the observation that in VZV, the L segment
is flanked by perfect 88-bp inverted repeats that contain
identical pac2 A-rich and CGCGGCG motifs. Conse-
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quently, the VZV L/IR junction constitutes an internal
cleavage/packaging site that contains both pac1 (within IR)
and pac2 (within L) that is rarely utilized, as only 5% of
packaged VZV genomes are in the IL orientation (Davison,
1984; Kinchington et al., 1985) (Fig. 4). Thus, sequences
distal to this 88-bp pac2-containing repeated region must be
important for efficient cleavage and/or packaging of VZV
DNA.
The study of different herpesviruses with diverse ge-
nome arrangements has provided opportunities to compare
naturally occurring genomic junctions that serve with vary-
ing efficiency as cleavage/packaging signals. Such studies
have provided our first clues to the complex functions that
comprise the cleavage and packaging processes and the cis
sequences that mediate them. Future research on these and
other viruses will undoubtedly continue to provide new and
surprising clues and different perspectives that will shape
and mold our understanding of this critical viral process.
Materials and methods
Virus and cell culture
BoHV-1.1 strain Cooper (ATCC VR-864) and BoHV-
1.2 strain ST (Leung-Tack et al., 1994) were used in this
study. Viral stocks were produced using Madin–Darby bo-
vine kidney (MDBK, ATCC CCL-22) cells cultured in
Earle’s minimum essential media (Gibco-BRL) supple-
mented with 2% penicillin (5000 Units/ml), streptomycin
(5000 g/ml) (PS, Gibco-BRL), and 5% heat-inactivated
fetal bovine serum (MEM-FBS; BioWhittaker). Viral stocks
were produced by infection of confluent MDBK cells with
BoHV-1.1 or BoHV-1.2 at a low multiplicity of infection
(m.o.i) (0.1) in Earle’s minimum essential media supple-
mented with 2% PS and 2% heat-inactivated horse serum
(MEM-HS; Serolab, International Medical). When 90% cy-
topathic effect occurred, the culture medium was removed
and was clarified twice by centrifugation at 1000 g. The
supernatant was aliquoted and frozen at 80°C and titrated
by plaque assay on MDBK cells as previously described
(Lemaire et al., 1999).
Preparation of extracellular virion DNA and total cell
DNA
MDBK cells were cultured in six-well plates and in-
fected with BoHV-1.1 or BoHV-1.2 at an m.o.i. of between
1 and 5 in MEM-HS and incubated at 37°C for 30 h. For
preparation of virion DNA, the culture medium was clari-
fied twice by centrifugation (1000 g) and virions were
pelleted by ultracentrifugation (100,000 g) of the superna-
Fig. 4. Alignments of the left and the right L-terminal sequences of class D genome herpesviruses. Maps of the genomes of class D herpesviruses with the
L segment of the genome in either P or IL orientation. Horizontal arrows indicate orientations of L segments and boxes represent both IR and TR inverted
repeats. Locations of pac1 and pac2 cis-acting sequences of class D genome herpesviruses are indicated. L-terminal sequences of the P and IL arrangements
are aligned for BoHV-1 (Hammerschmidt et al., 1988), EHV-1 (Chowdhury et al., 1990), VZV (Davison, 1984), and PRV (DeMarchi et al., 1990). Putative
pac2 regions and CGCGGCG motifs are shown set off by spaces and in bold. Bases within putative CGCGGCG motifs that differ from the consensus are
in lowercase. The approximate frequencies of IL genomes (vs P genomes) observed in encapsidated virion DNA and relative amounts of IL L-terminal
fragments at the end of concatemeric DNA are indicated on the right (athis study; bChowdhury et al., 1990; Yalamanchili and O’Callaghan, 1990; Slobedman
and Simmons, 1997; cSlobedman and Simmons, 1997; dDavison, 1984; Kinchington et al., 1985; eDeMarchi et al., 1990).
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tant for 2 h at 4°C. Pellets were resuspended in TE (10 mM
Tris pH 8.0, 1 mM EDTA) and were gently mixed with an
equal volume of molten (50°C) 2% low-melt preparative-
grade agarose (Bio-Rad) in TE and cast into plug molds
(Bio-Rad) so that each agarose plug contained virions de-
rived from the supernatant of one well of a six-well plate.
For total cell DNA, infected cells were washed with
phosphate-buffered saline (PBS), scraped from the wells,
washed twice by centrifugation (1000 g) with cold PBS,
resuspended in TE, and mixed with an equal volume of
molten (50°C) 2% low-melt preparative-grade agarose in
TE so that each plug contained 106 infected cells. After
cooling, plugs were suspended in 1 ml of SE buffer (0.5 M
EDTA, 1% sarkosyl, 1 mg/ml proteinase K), incubated at
52°C for 48 h, dialyzed three times for 2 h with TE, and
stored at 4°C in TE.
PFGE
The PFGE apparatus consisted of a CHEF-DRII Drive
Module and model 200/2.0 power supply (Bio-Rad). Aga-
rose plugs were placed into the wells of a 1% PFGE-
certified agarose (Bio-Rad) gel in 0.5 TBE (45 mM Tris
base, 45 mM boric acid, 1 mM EDTA, pH 8). Electrophore-
sis was performed at 14°C for 19 h at 200 V with ramped
pulse conditions of 2 to 15 s. Restriction enzyme digestions
of DNA embedded in agarose were realized by dialyzing the
plugs 3 1 h with the appropriate restriction enzyme buffer
and incubating with 50 U of the appropriate restriction
enzyme for 6 h at 37°C.
Southern hybridization
DNA fragments used as probes for hybridization were
labeled with -[32P]dCTP (specific activity, 3000 Ci/mmol;
Amersham) using a random-primed DNA labeling kit
(Roche). PFGE-separated DNA was transferred to Zeta-
Probe GT blotting membranes (Bio-Rad) by capillary trans-
fer as described (Sambrook et al., 1989). Membranes were
prehybridized and hybridized at 65°C for 18 h and then
washed, dried, and used to expose a Hyper film MP X-ray
film (Amersham) as described previously (Bataille and Ep-
stein, 1994; Berthomme et al., 1995).
Plasmids
BoHV-1 DNA sequences from gE (nucleotides 122225–
122506 of the BoHV-1 sequence) and gD (nucleotides
118893–119444) genes were amplified by a previously de-
scribed PCR method (Schynts et al., 1999) using BoHV-1.2
strain ST DNA as template. After purification, gE and gD
PCR products (281 and 551 bp, respectively) were cloned
into the pGEM-T easy vector (Promega) to produce plas-
mids pgE and pgD, respectively. Plasmid pOM3AS was a
kind gift from M. Schwyzer (University of Zurich, Switzer-
land) and contains a StuI-Asp718 fragment (nucleotides
102373–105751) from BoHV-1.1 strain Jura cloned into
pUC18. Plasmid pSD57, which contains the HindIII J frag-
ment of BoHV-1.1 strain Cooper (nucleotides 2439–11270)
cloned into pBR322 (Mayfield et al., 1983), was double-
digested with EcoRI and HpaI and then religated to remove
nucleotides 4015–11270 and produce plasmid pLT, which
contains a HindIII-HpaI fragment of BoHV-1.1 (nucleo-
tides 2439–4014). Plasmid pSD72 (Mayfield et al., 1983)
contains the HindIII L fragment of BoHV1.1 strain Cooper
(nucleotides 92082–99700).
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